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The metal vibrating probe developed in the 1970s to measure
electric current is sensitive down to the micro-Amp range,
but detects only net current due to flow of multiple ions and
is too large to measure from single cells. Electrophysiological
techniques which use glass microelectrodes such as voltage
clamping can be used on single cells but are also non-specific.
lon-selective probes are glass microelectrodes containing
at their tip a small amount of ionophore permeable to a
particular ion. The electrode is therefore sensitive to changes
in concentration of this ion. If the probe tip is moved at low
frequency between two points in a concentration gradient
of this ion then the electrochemical potential of the solution
inside the electrode fluctuates in proportion to the size of
the ion gradient. This fluctuation is amplified and recorded
and is used to calculate the actual ion flux using Fick’s law of
diffusion. In this mini-review we describe the technique of ion-
selective self-referencing microelectrodes to measure specific
ion fluxes. We discuss the development of the technique
and describe in detail the methodology and present some
representative results.

Cells generate and maintain a significant electrical membrane
potential by active transport of ions, mainly via the sodium-
potassium exchange pump, which transports Na* ions out of the
cell and K* ions in. This membrane potential allows the cell to
function as a battery, powering a number of membrane processes
including transport of sugars and other ions. The membrane
potential of the mitochondria drives the production of ATD, the
cell’s energy source. Excitable cells such as neurons have large
membrane potentials. Rapid collapse of this potential by open-
ing of sodium channels and in-rush of Na* ions (depolarization)
produces the action potential which is the basis of nerve trans-
mission and brain function. Many tissues and organs also have
long-lasting electrical potentials. Epithelia (skin, cornea, etc.)
generate and maintain trans-epithelial potentials by directional
pumping of ions (Na* and Cl). Many years ago it was discov-
ered that wounds on human skin generate significant electrical
potentials.”? The development of the vibrating probe allowed
these small bio-electric currents generated by cells and tissues
to be measured non-invasively.>® This ultra-sensitive probe can
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measure extracellular currents in the micro-Amp (A) range, but
gives no indication of the ion species involved.

To measure specific ion flux one could use two or more ion-
selective electrodes in different positions to detect the concentra-
tion gradient. However; the inherent voltage drift of the probes
would be different, causing a change in signal even if the ion flux
was stable. The solution was to use self-referencing whereby a
single ion-selective probe is moved at low frequency between two
points close together. Now, even if the electrode potential drifts,
the flux measurement is stable because the drift is relatively slow
so that the probe moves before significant drift can occur (see
Fig. 2B). A low frequency vibrating ion-selective electrode was
first developed in 1990 to measure specific calcium flux.’ The tip
of the glass micro-electrode contains an ionophore permeable to
only Ca*" ions, so the electrode is sensitive to changes in [Ca®*].
As the electrode moves back and forth in a gradient (lux) of
Ca?, pausing at each position, the electrochemical voltage of the
electrode changes in proportion to the size of the ion flux. The
electrode signal is amplified and recorded to computer. The ion
flux can be calculated using Fick’s law of diffusion: J = Cu(dc/
dx) where C is the ion concentration in the solution; # is the ion
mobility; and dc is the concentration difference over distance dx.
The electrode potential in standard solutions containing differ-
ent ion concentrations is used to construct a calibration curve to
calculate the actual ion concentration. As well as Ca®*, commer-
cially available ionophores are now available to make electrodes
sensitive to Na*, Cl, K*, H*, Mg*", nitrate, ammonium, fluoride,
lithium, mercury, etc. (see www.sigmaaldrich.com).

Ion-selective probes have been used to measure H*, K* and
Ca** flux across plant roots,*” Cl' flux in rat cerebral arteries,®
Cl flux in pollen tubes,” H* flux in skate retinal cells,'” Ca?* flux
11 12,13 and
various ion fluxes in rat cornea.' See also the following reviews
for detailed information on self-referencing ion-selective elec-
trodes.”" Interesting recent developments include amperometric
self-referencing detectors of oxygen, nitric oxide and neurotrans-
mitters dopamine and glutamate.’®" Amperometric sensing is
based on a chemical reaction at the sensor tip. New fiber-optic
microprobes (optrodes) have been developed to measure non-
invasively oxygen metabolic flux with high selectivity and sensi-
tivity.?>?! There is now also an enzyme-based nanoparticle-coated
probe sensitive to glucose.?

Ion-selective microelectrodes are best made with thin-walled
glass capillaries such as World Precision Instruments (WPI)

in mouse bone," various ion fluxes in fungal hyphae,
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Figure 1. lon-selective electrodes. A) Na*-selective electrode (left) and
reference electrode (right). B) lon-selective (left) and reference (right)
electrodes mounted in their respective holders. C) Custom-made dishes
for mounting and measuring from eyes (left) and tadpoles (right).

borosilicate glass capillaries without filament (10 c¢cm long,
1.5 mm outer diameter, 1.12 mm inner diameter, cat # TW150-4).
Electrodes are heat-pulled using a Sutter P-97 electrode puller with
the following settings: heat 470, pull 13, velocity 15, delay 1. This
gives tips 3—4 wm in diameter. Smaller tips have higher resistance
which makes them more susceptible to electronic noise. The elec-
trodes are now dried and rendered hydrophobic by silanization.
Electrodes are placed in a metal rack and heated overnight in an
oven at 200°C. About 1-2 ml of silanization solution I (Sigma-
Aldrich, cat # 85126) is placed in a glass Petri dish in the bottom of
the oven. Electrodes are kept in the oven until all the silanization
solution had vaporized; then the oven is turned off. After cooling,
electrodes are stored in an electrode storage jar inside a glass des-
sicator. Electrodes can be stored thus for many weeks.

To prepare an ion-selective probe (Fig. 1A); the electrode is
first back-filled to a length of about 1 c¢m with a solution con-
taining 100 mM of the ion to be measured (see Table 1). This
is done using a disposable plastic Pasteur pipette heat-pulled in a
Bunsen burner to a fine filament. To eliminate the air bubble at
the electrode tip, the electrode is attached to a 3 ml syringe via
a silicon tube (3 mm o.d, 1.5 mm i.d). The electrode is secured
with sticky-tack on the stage of a Nikon inverted microscope and
observed at low power (x4 lens) while pressure is applied by the
syringe to push the air bubble out the tip. The electrode is then
tip-filled with a length of 30-50 wm of ion-specific ionophore
(see Table 1). A small droplet of ionophore is placed on the short
edge of a microscope slide. The electrode tip is observed with
a x10 lens and the microscope slide moved towards it until the
electrode tip touches the ionophore. The ionophore is drawn into
the electrode by capillary pressure. A long column of ionophore
should be avoided as this increases the probe’s electrical resistance
which can make it susceptible to electroinic interference (noise).
The electrode is mounted in a straight microelectrode holder

www.landesbioscience.com

Communicative & Integrative Biology

MINI-REVIEW

far near

B 26T
265

2 KAAAAL

262
261
260 T T T T T T T T T T
e o T T T e T = o T T e T |
S s < S S % 0w
= e~ o~ H.!—I L I B B I |
point
C 1200V
LLUU
y=2685x+11168
paY)
R? =0.9998
800
// 600
w 400
/ 200
T T T O
5 4 3 2 1 0 1

Log [Ca?* ]| M

Figure 2. Measuring and calibration. (A) As the ion-selective electrode
moves in an ion gradient, near a source or sink of ion flux, the potential
on the electrode varies in proportion to the size of the flux (B). The
higher value at the near position indicates an outward ion flux (efflux)
in this case. This is an actual trace recorded from a Ca?* electrode

near a corneal wound. Note that although there is some slight drift
downwards in the trace the actual flux (difference between near and
far) is quite consistent. Time between points on the x-axis is 6 sec. (C)
Calibration of the Ca?* electrode used in (B) in three solutions (0.1, 1 and
10 mM CaCl,.2H,0; logs of molar concentration: -4, -3, -2). The formula
describing the linear best fit line is used to calculate the actual ion flux
(see Methods).

with a gold 1 mm male connector and Ag/AgCl wire (Fig. 1B)
(Warner Instruments, cat # QSW-A15P). The electrode holder
is mounted on a Newport 3-dimensional computer-controlled
electronic micro-positioner (see below). The electrode tip is place
in measuring solution appropriate for the sample to be measured
(physiological saline, culture medium, etc.) to allow the electrode
to stabilize for an hour or two, or even overnight.

Reference electrodes (Fig. 1A) are the same glass capillaries
as above; cut into 5 cm lengths and fire-polished at each end
for 1-2 sec in a Bunsen flame. These electrodes are filled with

a 3 M solution of NaCl, CH,CO K (potassium acetate) or KClI,
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Table 1. Examples of commonly used ionophores

ION lonophore
Catt calcium ionophore | cocktail A
(cat # 21048)
Na* sodium ionophore Il cocktail A
(cat # 71178)
ar chloride ionophore | cocktail A
(cat # 24902)
K- potassium ionophore | cocktail A
(cat # 60031)
b hydrogen ionophore | cocktail A

(cat # 95291)

Test Solution (100 mM) Ref. Solution (3 M)

CaCl,2H,0 KCl
NadCl KCl
CH,COK
NaCl
(potassium acetate)
KCl NadCl
pH 7.0 buffer KCl

Also shown are appropriate solutions to place in the test (ion-selective) electrode and reference electrode (see Methods). Catalog numbers are

Sigma-Aldrich.

with 2% agar. The solution is chosen depending on the ion to be
measured (the reference electrode cannot contain the ion being
measured; see Table 1). Agar (0.2 g) is added to 10 ml of solution
and brought to the boil on a hotplate. The reference electrode is
attached to a plastic Pasteur pipette and the hot solution drawn
into the capillary. The electrode is then dropped into cold 3 M
NaCl, CH,CO,K or KClI solution and stored in 3 M solution
in Petri dishes prior to use. Reference electrode with air bubbles
are discarded. The reference electrode is mounted in a straight
microelectrode holder (pre-filled with 3 M solution) with a Ag/
AgCl pellet inside and a gold 2 mm male connector (Fig. 1B)
(WPIL, cat # MEH3S) and mounted on a Newport 3-dimen-
sional micro-positioner.

Before experiments, consideration must be taken of the sam-
ple to be measured, and how the sample is to be immobilized and
mounted for measurements. For example, for cornea measure-
ments we glue two wire loops into 2 9 ¢cm or 5 cm plastic Petri
dish (Fig. 1C). The loops hold the eye stable but allow it to be
rotated or tilted to give the electrode access to different parts of
the cornea." For tadpole measurements we glue a plastic ‘shelf’
and fine wire into a 5 cm Petri dish (Fig. 1C). The loop in the
wire holds the tadpole stable without damage.

Electrode movement and data recording are controlled by
IonView32 software (BioCurrents Research Center; Marine
Biological Laboratory, Woods Hole, MA). The ion-selective
electrode moves at low frequency (0.3 Hz) between two points
30 wm apart (Fig. 2A). The electrode pauses at each position
and the electrode potential in mV is recorded on the com-
puter (Fig. 2B). If an ion flux is present, the electrode detects
a difference in ion concentration between the two positions.
The actual ion flux is calculated using Fick’s law of diffusion:
] = Cu(dc/dx) where C is the ion concentration in the solution,
u is the ion mobility, and de is the concentration difference
over distance dx. Ion flux data are presented in pmol/cm?/sec or
nmol/cm?/sec.

Before and after experiments, electrodes are calibrated in
three standard solutions. These solutions should contain ion
concentrations above and below the ion concentration in the
measuring solution. For example, for Na* cornea measurements
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Figure 3. Cornea wound measurements. Cornea wounding induces
different K* and Ca?* fluxes. After wounding (at time zero), K* flux rises
and falls rapidly, suggesting this is passive leakage from damaged cells,
which contain high [K*]. In contrast, Ca* flux rises slowly and is main-
tained at a high level, suggesting that Ca?* efflux is an active response
to corneal injury. Data adapted from Vieira et al., 2011."*

in artificial tear solution (BSS* Intraocular Irrigating Solution,
Alcon Laboratories, Inc.,) which contains ~150 mM Na*, cali-
brating solutions contain 10, 100 and 200 mM NaCl. The Ca?**
concentration is much lower so a Ca?* electrode is calibrated
in 0.1, 1 and 10 mM CaCl,.2H,O. Plotting the electrode out-
put (mV) against the logarithm of the molar ion concentration
usually gives a linear correlation with an R? value close to 1
(Fig. 2C). The formula describing the line is used to convert
the raw output of the electrode in mV into actual ion con-
centrations, and in turn the ion flux is calculated using the
formula above.

We measured Ca?* and K* fluxes at a cornea wound over time
(Fig. 3, data adapted from Vieira et al. 2011)." The data are nor-
malized because the K* flux is much larger than the Ca** flux.
Before wounding (time zero) cornea has small outward flux of
both ions (efflux). After wounding, K* flux increases dramati-
cally but then drops back down after 20 min. This suggests that
the K* flux is leakage from damaged cells, which have a high
intracellular [K*]. We confirmed this using a high external
K* concentration. In high [K'] the initial peak of K* flux was
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absent." In contrast to K* flux, Ca®* flux
increased slowly and was maintained at
a significantly higher level. This suggests
that Ca?* efflux is an active response to
cornea wounding. Chemical fixation of
the cornea eliminated the Ca?* flux."

In conclusion, ion-selective self-refer-
encing probes are extremely useful tools
where small fluxes of specific ions need to
be measured from tissues or even single
cells. They have proved useful in a wide
variety of biological applications.®' New
adaptations of self-referencing include the
18,19 Opticalz(),zl and
nanoparticle-coated sensors.”

use of amperometric,
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